ABSTRACT: Polysiphonia adamsiae was originally described from Tasmania and simultaneously reported in New Zealand. It has an unusual combination of morphological characters: 10-12 pericentral cells and rhizoids in open connection with the pericentral cells. Rhizoid anatomy is similar to that of the tribe Polysiphonieae. However, P. adamsiae differs from most members of the Polysiphonieae in having more than four pericentral cells, a character more common in the tribe Streblocladieae, which is characterised by having rhizoids cut off from pericentral cells. Because this species has not been investigated using molecular methods, it has not been clear to which tribe it belongs. We analysed phylogenetic relationships of P. adamsiae using rbcL sequences from plants collected in Tasmania and Croajingolong National Park (eastern Victoria). The phylogenetic analysis placed P. adamsiae in the Polysiphonieae. Our study further confirmed rhizoidal anatomy as a diagnostic character distinguishing the Streblocladieae from the Polysiphonieae and demonstrated that pericentral cell number varied in these tribes. While most species in the Polysiphonieae have four pericentral cells, at least six species have evolved morphologies with a higher number. Polysiphonia adamsiae is hereby recorded for the first time in mainland Australia based on molecular and morphological evidence. The five haplotypes observed in our 16 rbcL sequences show that the species has strong phylogeographic structure. The Victorian haplotype is distinctive from those in Tasmania, making it is especially valuable in the conservation of this Australasian endemic species.
INTRODUCTION
The tribal and generic classification of the Polysiphonieae was recently reviewed using integrative molecular and morphological studies (Dı´az-Tapia et al. 2017b, c) . This tribe comprises species with rhizoids in open connection with the pericentral cells; whereas, the Streblocladieae was segregated to include the genera with rhizoids cut off from the midproximal ends of pericentral cells (Dı´az-Tapia et al. 2017b) . Within the Polysiphonieae, four major lineages were identified: Lophosiphonia, Epizonaria, Polysiphonia and a Bryocladia/Falkenbergiella clade, whose generic assignment requires further work (Dı´az-Tapia et al. 2017b; Huisman et al. 2017) .
The tribes Polysiphonieae and Streblocladieae contain 35 species in seven genera in southern Australia (Womersley 2003; Savoie & Saunders 2015; Dı´az-Tapia et al. 2017a, b) . Some of these species were reported across southern Australia; whereas the range of others is narrower (Womersley 2003) . However, many species of these tribes are small in size (, 3 cm) and easily overlooked, and their distributions could be wider than currently reported. Only 11 of the Australian species assigned to the tribes Polysiphonieae and Streblocladieae have been included in phylogenetic analyses (Savoie & Saunders 2016; Bustamante et al. 2017; Dı´az-Tapia et al. 2017a, b, c; Huisman et al. 2017) . Among the other 24 species, 18 remain assigned to Polysiphonia, five are included in monospecific genera and one is in Tolypiocladia (Womersley 2003) . Considering recent taxonomic rearrangements in the Polysiphonieae (Dı´az-Tapia et al. 2017 b, c) , their tribal and generic assignments require revision.
Polysiphonia adamsiae Womersley is known only from Tasmania and New Zealand (Womersley 1979 (Womersley , 2003 Adams 1991 Adams , 1994 . It is unusual in having 10-12 pericentral cells and rhizoids in open connection with pericentral cells. The second character is typical of the tribe Polysiphonieae and is unknown in Streblocladieae; whereas, most species with more than four pericentral cells are in the Streblocladieae (Dı´az-Tapia et al. 2017b, c) . At present, only five of 27 species placed in the Polysiphonieae, based on phylogenetic analysis, have more than four pericentral cells: two in Bryocladia and three in Lophosiphonia (Dı´az-Tapia et al. 2017b). Whether P. adamsiae is a morphologically unusual member of the Polysiphonieae or the Streblocladieae, as well as its relationship to other genera in these tribes, is uncertain.
During our sampling surveys in Tasmania and mainland Australia, we found several specimens with characters that matched the main features of Polysiphonia adamsiae. This study aims to resolve the taxonomic identity of mainland Australian specimens by comparing the morphological characters and rbcL sequences of samples from these two states. Furthermore, we attempted to determine the phylogenetic relationships of P. adamsiae and related taxa to clarify tribal classification.
MATERIAL AND METHODS
Material was collected during surveys of the Rhodomelaceae in Croajingolong National Park (Victoria) and Tasmania (Australia) ( Table S1 ). Part of each sample was preserved in silica gel desiccant for molecular analyses, and the remainder was preserved in 4% formalin seawater for morphological study. Some specimens were mounted in 20% Karo Syrup (ACH Foods, Memphis, Tennessee USA). For microscopic observations, sections were made by hand using a razor blade. Voucher specimens were deposited in the National Herbarium of Victoria at the Royal Botanic Gardens Victoria (MEL).
DNA was extracted from silica gel-dried material following Saunders & McDevit (2012) . Polymerase chain reaction (PCR) amplification was carried out for rbcL using primers F57 and rbcLrevNEW (Saunders & Moore 2013) . Reactions were performed in a volume of 25 ll, consisting of 5 ll 53 MyTaq reaction buffer, 0.7 ll 10 lM of forward and reverse primers, 0.125 ll 1 U/ll My Taq DNA Polymerase (Bioline, London UK), 17.475 ll MilliQ water and 1 ll template DNA. The PCR protocol consisted of an initial denaturation (938C for 3 min), 35 cycles of denaturation (948C for 30 s), primer annealing (458C for 30 s), extension (748C for 90 s) and final extension (748C for 5 min). PCR products were purified and sequenced by Macrogen (Seoul, South Korea).
Sixteen new rbcL sequences were generated: two from Victoria and 14 from eastern Tasmania. In order to visualise haplotype variability among our samples, we clustered them using the TCS method (Clement et al. 2000) in POPART (Leigh & Bryant 2015) .
To place Polysiphonia adamsiae in a broader phylogenetic context, 43 rbcL sequences from members of the Polysiphonieae and Streblocladieae were downloaded from GenBank (Table S1 ) and added to our phylogenetic analysis. Furthermore, we included in the alignment the newly determined sequence of a Polysiphonia sp. from Victoria, Australia, closely related to P. adamsiae (Table S1 ). Sequences were aligned using MUSCLE in Geneious v6.1.8 (Kearse et al. 2012) . Identical sequences were removed from the rbcL analysis. The sequences included in the final alignment were selected after considering their quality in terms of length (i.e. the longest when several sequences were available). The phylogenetic tree for rbcL was constructed with maximum likelihood using RAxML v8.1.X (Stamatakis 2014). GTR-Gamma was used as the nucleotide model, and branch support was estimated with 100 bootstrap replicates. Three species of Pterosiphonia were selected as the out-group based on our phylogenomic analyses of the major lineages of the Rhodomelaceae; these showed a clade containing the Herposiphonieae and Pterosiphonieae sister to the Polysiphonieae (Dı´az-Tapia et al. 2017b).
RESULTS

Molecular identification and phylogeny
The 16 rbcL sequences from samples identified by morphology as Polysiphonia adamsiae represented five haplotypes (10 variable positions in total): one from Victoria and the other four from Tasmania ( Fig. 1) . The two sequences from Victorian specimens were identical (haplotype H1). The divergence among the 14 sequences of P. adamsiae from Tasmania was 0%-0.6% [0-8 base pairs (bp)]. Victorian and Tasmanian samples differed by 0.2%-0.5% (3-6 bp), and therefore we conclude that Victorian specimens correspond to P. adamsiae. The most divergent haplotypes, H1 and H5, were found in Victoria and in the southernmost sampled site in Tasmania, respectively (Fig. 1) . The other three haplotypes were closely related. H2 was found in two localities in northeastern Tasmania. H3 was found in two sites on the east coast of Tasmania, and in one of these two sites H4 was also present.
The RAxML phylogenetic analysis of rbcL sequences recovered Polysiphonia adamsiae as a member of the Polysiphonieae (Fig. 2) . Within the Polysiphonieae, three strongly supported clades were resolved: (1) Lophosiphonia and Epizonaria, (2) P. sensu stricto, and (3) Bryocladia/ Falkenbergiella. P. adamsiae was part of the strongly supported clade Bryocladia/Falkenbergiella, forming a strongly supported clade with Polysiphonia sp. 2 from Australia (MH101825) and Polysiphonia sp. from Chile (AY396038). However, the relationship of this clade to other species of the Bryocladia/Falkenbergiella clade remains unresolved.
Species description
Polysiphonia adamsiae Womersley
Figs 3-23 HOLOTYPE: AD, A35678 (Womersley 1979 ).
TYPE LOCALITY: Orford, Prosser Bay, Tasmania.
Vegetative morphology of Victorian specimens
Thalli formed turfs of densely entangled axes, up to 23 mm high (Figs 3, 4) . They were dorsiventral, consisting of an extensive prostrate system bearing rhizoids ventrally and erect axes dorsally (Figs 5, 6) . Erect axes composed of a main axis bearing lateral determinate branches spirally arranged mostly every two segments, were simple or branched up to three times when bearing tetrasporangia. Thalli were brown, with a rigid texture. Axes were ecorticate, consisting of a central axial cell and (9-) 10-12 pericentral cells (Figs 7, 8) . Plastids were discoid, lying all along the cell walls of pericentral cells. Prostrate axes were (130-) 150-210 lm in diameter, and segments were wider than long, 0.5-0.9 L/D (Figs 9, 10). Prostrate axes grew either by the development of rhizoids in basal parts of erect axes (Fig. 9 ) or through the division of an apical cell 12-15 lm in diameter, forming branches or branch initials typically every two segments (Fig. 11) . Erect axes were formed at irregular intervals. Prostrate axes formed adventitious lateral branches that produced further prostrate axes. Rhizoids arose from the middle pericentral cells, remaining in open connection with them (Fig. 12 ). Rhizoids were unicellular, consisting of a filament up to 900 lm in length and 20-70 lm in diameter that terminated in a discoid pad.
Erect axes grew from an apical cell 12-22 lm in diameter (Fig. 13) , increasing in diameter to 170-210 lm in mid and basal parts, with segments 0.7-1.5 L/D. Erect axes produced exogenous spirally arranged branches at the apices, replacing trichoblasts, mostly every two segments or at larger intervals, occasionally on every segment (Figs 13-15 ). Lateral branches were simple and sometimes reflexed but were typically spirally branched up to three orders when bearing tetrasporangia . Lateral branches were 1-2.2 mm in length, 100-130 lm in diameter at basal parts, and segments were 0.4-1 L/D. Adventitious branches were sometimes present in basal parts of erect axes. Trichoblasts were profusely developed at the apices of main axes and upper lateral branches, one per segment in a 1/6 spiral arrangement (Figs 13, (17) (18) (19) . They were up to 1.5 mm in length with basal cells 12-45 lm in diameter and were dichotomously branched up to three orders. Young trichoblasts were short and pigmented, later enlarging and becoming unpigmented. They were deciduous, leaving small scar cells when shed (Fig. 19 ). Trichoblasts were formed by uninucleate cells (Fig. 18) .
Reproductive morphology of Victorian specimens
Tetrasporangia, one per segment, formed long, straight or slightly spiral series on lateral branches of the upper parts of the erect axes (Figs 20-23 ). They were subspherical, tetrahedrally divided, 27-53 3 27-48 lm, with two presporangial cover cells. Older specimens with fragmented lateral branches bore tetrasporangia on adventitious branches formed axillary to the fragmented lateral branches (Fig. 21) . Neither male nor female reproductive structures were observed.
Habitat and distribution
Polysiphonia adamsiae was found in a single locality in Victoria (Fig. 1) but not in the other 40 surveyed sites (seven in Croajingolong National Park and 33 between Wilson Promontory and Port Fairy). In Tasmania, it was collected from five sites across the eastern coast, but it was not observed in five sites on the northern coast (Fig. 1) .
Polysiphonia adamsiae was found forming small turfs on sand-covered rocks, sand-free rocks or, more rarely, epiphytic on Hormosira banksii (Turner) Decaisne. It was collected in the mid-to low-intertidal zone at moderately to extremely wave-exposed sites.
DISCUSSION
Here we report Polysiphonia adamsiae for the first time from mainland Australia on the basis of morphological and molecular evidence. Our analysis placed this species in the tribe Polysiphonieae and, more specifically, in the Bryocladia/Falkenbergiella clade. The rbcL gene has five haplotypes that are geographically restricted, suggesting a strong phylogeographic structure within its distributional range in Tasmania and Victoria.
Morphological characters of Polysiphonia adamsiae clearly distinguish this species from other Australian members of the Polysiphonieae and Streblocladieae. It is the only species with 10-12 pericentral cells and rhizoids in open connection with pericentral cells. In addition to these key characters, other morphological traits observed in Victorian specimens also match those previously described for P. adamsiae from Tasmania, where it was originally described (Womersley 1979 (Womersley , 2003 . Our molecular data, including sequences from Victoria and Tasmania, show minor divergences between haplotypes and support assigning the Victorian specimens to P. adamsiae. New Zealand specimens have fewer pericentral cells (8-10; Adams 1991 Adams , 1994 . Whether this morphological difference indicates that records of P. adamsiae from New Zealand represent a different species will need to be determined using molecular data.
In our phylogeny, Polysiphonia adamsiae was placed in the Polysiphonieae Like other Polysiphonieae, P. adamsiae lacks cortication, has branches and spermatangial branches replacing trichoblasts and tetrasporangia arranged in straight or slightly spiral series (Womersley 2003; Dı´az-Tapia et al. 2017c) . It has urceolate cystocarps, a character that has been observed in some species of the Polysiphonieae but not in the Streblocladieae (Womersley 2003; Dı´az-Tapia et al. 2017c) . In contrast, arrangement of trichoblasts and the number of pericentral cells found in P. adamsiae are unusual among Polysiphonieae. The species produces trichoblasts on every segment; whereas, other Polysiphonieae usually have naked segments between successive trichoblasts (Dı´az-Tapia et al. Fig. 9 . Prostrate axes formed by development of rhizoids (arrowheads) at basal parts of an erect axis. Scale bar ¼ 1 mm. Fig. 10 . Prostrate axis. Scale bar ¼ 1 mm. Fig. 11 . Adventitious branch of prostrate axis with branch initials (arrowheads). Scale bar ¼ 70 lm. Fig. 12 . Rhizoid in open connection with pericentral cell. Scale bar ¼ 50 lm. Fig. 13 . Apex of erect axis showing apical cell (arrowhead) and young exogenous branches (arrows). Scale bar ¼ 40 lm. Fig. 14. Erect axis with simple lateral branches. Scale bar ¼ 700 lm. Fig. 15 . Erect axis with branches every one or two segments. Scale bar ¼ 400 lm. Fig. 16 . Erect axis with laterals once branched and bearing tetrasporangia. Scale bar ¼ 700 lm. Fig. 17 . Apex of erect axis with profusely developed trichoblasts. Scale bar ¼ 400 lm. Fig. 18 . Basal cell of trichoblast with single nucleus (arrowhead). Scale bar ¼ 50 lm. 2017c and references therein). Trichoblast abundance and arrangement are uniform in some species and genera of the Polysiphonieae and Streblocladieae but variable in others (Hollenberg 1942; Stuercke & Freshwater 2008; Dı´az-Tapia et al. 2013) . Therefore, the value of trichoblast characters in the delineation of taxa should be considered cautiously. The placement of P. adamsiae in the Polysiphonieae is further evidence that pericentral cell number is variable (Dı´az-Tapia et al. 2017b). Species in Lophosiphonia that have been analysed with molecular methods have more than four pericentral cells (Dı´az-Tapia et al. 2017b). Moreover, P. adamsiae is the third species in the Bryocladia/Falkenbergiella clade with this character, along with Bryocladia cuspidata (J.Agardh) De Toni and B. thrysigera (J.Agardh) F.Schmitz (Dı´az-Tapia et al. 2017b) . Interestingly, these three multipericentral species were not resolved as closely related in our phylogeny. In fact, P. adamsiae was resolved with strong support as sister to an undetermined Australian species with four pericentral cells (Polysiphonia sp. 2 MH101825 from Victoria). These results suggest that increases in the number of pericentral cells emerged independently several times in the evolution of this lineage. However, relationships among species within both Polysiphonia sensu stricto and the Bryocladia/Falkenbergiella clade are in general not supported by rbcL data, strongly constraining any evolutionary interpretation within these clades. The analysis of larger, multigene datasets could assist to solve this problem (Oliveira et al. 2018) . The assignment of genera within the Bryocladia/Falkenbergiella clade needs further research (Dı´az-Tapia et al. 2017b; Huisman 2017) . This clade includes several species currently assigned to Polysiphonia as well as two species of Bryocladia from tropical and subtropical Atlantic America. Whether the species in this clade belong in Bryocladia is not clear because the type species of this genus, B. cervicornis (Kützing) F.Schmitz, is a poorly known species from Java for which molecular data are unavailable. Falkenbergiella is a second potential name for this clade considering the morphological similarities. Its generitype, F. capensis Kylin from South Africa (Stegenga et al. 1997) , is currently placed in Lophosiphonia (Norris 1992). Molecular data are needed to verify the phylogenetic position of this species.
Our 16 samples of Polysiphonia adamsiae revealed five haplotypes. This high genetic diversity in the rbcL gene is surprising considering that it is a conserved molecular marker and that samples were collected in seven sites along a relatively short stretch of coast (c. 350 km in Tasmania plus a site in Victoria 400 km from the nearest Tasmanian site) and the number of sequences (16) is limited. Our data suggest that P. adamsiae has a strong phylogeographic structure in its known Australian range, as haplotype distribution exhibits a clear geographical pattern. Five localities had only one haplotype, and a single site had two. Genetic divergence is promoted by reproductive isolation among populations, and in seaweeds it is likely favoured by their poor dispersal ability (Santelices 1990; Palumbi 1994 ). This provides a plausible explanation for the observed genetic differentiation of P. adamsiae among sampling sites. The Victorian haplotype differs from the Tasmanian ones by a minimum of three mutations, possibly indicating isolation after colonisation leading to genetic differentiation. Alternatively, this haplotype may have a vicariant origin. The Pleistocene was a period with considerable fluctuations in sea level around Australia, leading to the formation of a land bridge between Tasmania and mainland Australia during low-sea-level epochs (Lewis et al. 2013; Mueller et al. 2018) . This southeast Australian species may thus have had a continuous distribution during these periods, becoming separated after sea-level rise. The only known Victorian population is genetically unique and may be particularly relevant in the conservation of an endemic Australasian species. Figs 20, 21. Branches bearing tetrasporangia in apical parts of the erect axes of a young specimen (Fig. 20) or in the midparts of old specimen (Fig. 21) . Scale bars ¼ 600 lm. The presence of Polysiphonia adamsiae in eastern Victoria is not surprising because Victoria and Tasmania fall in the overlap of two biogeographical regions, the Peronian and Maugean (Waters et al. 2010) . Croajingolong National Park, the site in mainland Australia where P. adamsiae was found, is located at the easternmost limit of the Maugean region and is in an intermediate position of the Peronian region. Its absence from other sites and its restriction to eastern Victorian reefs may be related to their isolation from other southern Australian locations by the long sandy beaches extending westwards to Wilson Promontory (c. 350 km). It has been suggested that these landforms can act as dispersal barriers for seaweeds (Womersley 1981) . Alternatively, the distribution of P. adamsiae in mainland Australia may be wider than currently known. However, we did not find it in 40 other sites along the Victorian coast despite using similar survey methods. The small size of P. adamsiae, together with the fact it forms intertidal turfs with a mixture morphologically similar species, may have contributed to its having been previously overlooked in Victoria, but eastern Victoria has also been understudied historically (Bush Blitz Species Discovery Program 2016) .
Turf as an algal assemblage has often been neglected in taxonomic studies, and detailed studies of turf-forming species often reveal that their species diversity has been underestimated, and discoveries of undescribed or overlooked species, even very distinctive ones, are common (e.g. Dı´az-Tapia & Ba´rbara 2013; Dı´az-Tapia et al. 2013; D'Archino et al. 2015; Huisman et al. 2017) . There is now ample evidence that cryptic diversity is common in seaweeds, and turf-forming species are no exception (Kim et al. 2012; Dı´az-Tapia & Ba´rbara 2013; Huisman et al. 2017) . Turfs are widely distributed around Australian shores, and it seems evident that a detailed study of these turfs using an integrative morphological and molecular approach is needed to re-evaluate their biodiversity.
